The TolC channel-tunnel spans the bacterial outer membrane and periplasm, providing a large exit duct for protein export and multidrug efflux when recruited by substrate-engaged inner membrane complexes. The sole constriction in the single pore of the homotrimeric TolC is the periplasmic tunnel entrance, which in its resting configuration is closed by dense packing of the 12 tunnelforming ␣-helices. 
T
he TolC family of envelope proteins is ubiquitous throughout Gram-negative bacteria and is central to type I secretion of toxins and proteases (1-4), and to the efflux of small noxious compounds, notably detergents and a wide range of antibacterial drugs (5, 6) . It is therefore important to bacterial survival, especially in infections during which it mediates multidrug resistance and contributes to virulence (7, 8) . At 2.1 Å resolution the TolC homotrimer is seen as a 140 Å long hollow conduit ( Fig.  1 A) , comprising a 100 Å long ␣-helical barrel, the tunnel domain, projecting across the inter-membrane periplasmic space and anchored in the outer membrane by a contiguous 40 Å long ␤-barrel domain (9, 10) . The average accessible interior diameter of the single central pore of TolC is 19.8 Å (30 Å measured from backbone to backbone) throughout the outer membrane channel and most of the tunnel. The channel exit is constitutively open.
The ␣-barrel is a novel structure in which 12 ␣-helices (four from each monomer) pack in an antiparallel arrangement to form a hollow cylinder. The structural principles and forces that constrain the ␣-helices in the ␣-barrel domain have been described in detail (9, 11) . Throughout the ␣-barrel domain, the helices follow a left-handed superhelical twist but tend to be under-wound in the top one-half of the structure compared to helices in a conventional two-stranded coiled coil. This enables the helices to lie on the surface of a cylinder. The 12 helices pack laterally side-by-side and therefore form two separate interfaces, which are stabilized by an intermeshing of side-chains that is commonly referred to as ''knobs-into-holes'' packing.
In the lower half of the ␣-barrel, neighboring helices form six pairs of regular two-stranded coiled coils. At the periplasmic end of the tunnel, three of them (one from each monomer) fold inwards to constrict the periplasmic entrance to a resting closed state, determining an effective diameter of Ϸ3.9 Å (ref. 9 ; Fig.  1B ). This small opening is consistent with electrophysiological characterization of TolC assembled in planar lipid bilayers, which has shown that TolC generates only a small conductance of about 80 pS in 1 M KCl (12, 13) . In addition to their interfaces, the entrance coiled-coils also form contacts with each other. The closed conformation is very stable, which is reflected in the low thermal factor of this domain apparent in the crystallographic data and indicates restricted flexibility (9) . The average B value (thermal factor) for the ␣-barrel up to 30 Å from the periplasmic TolC entrance is 33.8, compared to an average of 49.88 for the entire TolC structure.
When TolC is recruited by substrate-laden complexes in the inner membrane (3, 10, 14) during protein export and drug efflux, the closed periplasmic entrance must be opened for substrates to gain access to the exit duct. An allosteric mechanism for tunnel opening has been proposed, based on the observation that the three inner coiled coils (comprising helices H7 and H8), differ from the outer coiled coils (H3͞H4) only by small changes in superhelical twist (9) . In the proposed mechanism, it is envisaged that transition to the open state could be achieved by the inner coils undergoing a movement to realign with the outer coils, thereby enlarging the aperture diameter (Fig. 1C) .
The high resolution structure of TolC shows a circular network of inter-and intramolecular connections near the tunnel entrance that maintains the coiled coil packing and so constrains the three inner coils in the closed conformation ( Fig. 1 B and D) . To appraise the proposed opening mechanism, we have disrupted the hydrogen bonds and salt bridges that appear central to the arrangement of the ␣-helices. As the periplasmic entrance is the sole constriction of the 140 Å long pore (9, 10) , changes in the diameter of the aperture could be monitored by comparing the conductance of TolC wild-type (WT) and variants in black lipid bilayers.
Materials and Methods
Creation of TolC Mutant Variants. Mutations were introduced into tolC by using the QuikChange site-directed mutagenesis method (Stratagene). A template plasmid was created by subcloning 1.8-kbp (PstI-BamHI) sequence of plasmid pT7TolC (9) into PstI-BamHI treated vector pUC19 (15) . The double-stranded plasmid was denatured and for each substitution two mutagenic primers of complementary sequence were annealed. Both DNA strands were extended and amplified with Pfu Turbo polymerase in 12-18 cycles of PCR. The parental WT template strands were removed by digesting with DpnI endonuclease. Mutations were confirmed by nucleotide sequence analyses after transformation of Escherichia coli cells. Double-stranded DNA fragments encompassing the mutagenized sites were cloned back into the WT plasmid pT7TolC. The 5Ј-3Ј-sequences of the forward oligonu-cleotide primers are listed below, the reverse primers are complementary to these. (16) . Cultures were grown in 2xTY broth (1.6% tryptone͞1% yeast extract͞ 0.5% sodium chloride) to early exponential phase (A 600 ϭ 0.4). Exported HlyA was precipitated from the cell-free supernatant and assayed by SDS͞10% PAGE and immunoblotting with anti-HlyA sera. Drug resistance of the same transformants was assessed by the ability to grow in LB broth inoculated 1:1,000 with overnight cultures and͞or by growth up to inhibitor discs on LB agar plates.
Overexpression and Purification of TolC Proteins. TolC proteins were purified from 100 ml of isopropyl ␤-D-thiogalactoside-induced cultures of the TolC-negative strain E. coli BL923(DE3) (3) carrying the recombinant plasmid pT7TolC or mutated derivatives. Cells were broken in a French Press, and TolC proteins were purified from membranes as described (9, 17) .
Electrophysiological Analyses in Lipid Bilayers. Black lipid membranes were formed as described (18) . Instrumentation comprised a Teflon chamber with two aqueous compartments connected by a circular hole of 0.5-mm diameter. Membranes were formed by painting onto the hole a 1% solution of diphytanoyl phosphatidycholine (Avanti Polar Lipids) in ndecane. Experiments were performed in 1 M KCl (Aldrich, 99.999% pure) at room temperature. The TolC proteins were diluted and added to one side of the membrane, the cis side. The membrane current was measured with a pair of calomel electrodes switched in series with a voltage source and an electrometer (Keithley 6517A). The membrane potential is always given with respect to the cis side. For single channel recordings, the electrometer was replaced by a current-amplifier (Keithley 428). The amplified and filtered signal (filter rise time 30 ms) was monitored with a strip chart recorder and sampled (50 s
Ϫ1
) by a personal computer connected to the output signal by an AD-converting card (Keithley DAS-1601).
Results

A Network of Interhelical Links Central to the Entrance Closed State.
The resting closed state and modeled open state of the periplasmic entrance have been described following elucidation of the TolC high resolution structure (9) and are presented in Fig. 1 Fig. 1D ). The analysis suggests that for the inner coiled coils to move outwards and enlarge the entrance diameter, these links must be disrupted.
Interrupting the Interhelical Links Weakens the Entrance Closed State.
To prevent formation of the salt bridge and hydrogen bonds, in vitro mutagenesis was used to introduce single substitutions of critical residues (Fig. 1E ). These residues do not directly influence the entrance diameter as they are not located at the narrowest point of the constriction [this is lined by a ring of six aspartate residues (17) 
. That the TolC variants retained in vivo function was confirmed by assaying TolC-dependent export of the 110-kDa protein substrate hemolysin (HlyA). Cell-free culture supernatants were collected from E. coli BL923 transformants expressing WT or mutant TolC and the inner membrane proteins HlyB and HlyD, which recruit TolC to the export apparatus (3). Immunoblotting of extracellular HlyA (Fig. 2) showed that the mutant TolC proteins substituted fully for the WT TolC. In parallel, growth of the same transformants was not inhibited by 0.05% sodium deoxycholate or 50 g͞ml novobiocin, both substrates of the TolC multidrug resistance pump (19) , in contrast to the tolCnegative mutant E. coli BL923 (3), which did not grow in the presence of deoxycholate and was inhibited by 0.4 g͞ml novobiocin.
All variant TolC proteins could be isolated as trimers from E. coli membrane fractions. In parallel with TolC WT , the five mutant proteins were purified to homogeneity and reconstituted in planar lipid bilayers. TolC inserts into bilayers in one orientation, ␤-barrel domain first as would occur in the cell (12) . Throughout the current study, TolC proteins were added to one side of the membrane only, so the tunnel entrance always faces the side (the cis or periplasmic side, Fig. 1 A) (Fig. 3 A and B) , indicating increases in the size of the entrance diameter. TolC DA was characterized by regular, reversible switches into a smaller conductance state (65% that of its conductance at ϩ80 mV). Defined substates are also seen with TolC WT (12) , but their significance is not known. TolC RS was characteristically noisy (Fig. 3A) , and at negative potentials greater than Ϫ60 mV, it switched infrequently into various states with a conductance 40-115% that of the main state (not shown).
Weakening the Closed State Increases Flexibility of the Entrance
Configuration. Single channel conductances of TolC WT and the five variants were measured over a range of potentials and the main conductances (maximum observed values at each voltage) were plotted (Fig. 3B) . Like the WT, the conductance of all of the variants was roughly constant over the range of positive potentials (reflecting the ''resting state'' conductance) but in- , further variants were constructed in which key connections were disrupted simultaneously. Like the single mutants, these TolC variants appeared fully active in protein export (Fig. 2) and also had the same levels of novobiocin and deoxycholate resistance (not shown). The purified proteins formed stable pores in artificial bilayers (Fig. 4A) .
TolC TVDA conductance was very similar to TolC DA over the range Ϫ100 mV to ϩ100 mV (Fig. 4B) , that disruption of the intramolecular hydrogen bond II located at the periphery of the tunnel has little or no effect on the opening. TolC TVDAEA channels behaved like TolC TVDA with conductance only marginally increased (Fig. 4B) .
In TolC TVDARS the connections disrupted are the same as in TolC TVDA , but in addition the positive charge of R 367 is removed. This had a dramatic effect, as TolC TVDARS channels showed a minimum conductance above 500 pS, 6-fold higher than that of the WT and 3-fold higher than TolC TVDA . Conductance was again roughly constant at positive potentials, although noisy with higher conductance spikes, and increased at higher negative potentials. Like TolC RS , TolC TVDARS switched reversibly into various substates at negative potentials higher than Ϫ60 mV (an example is shown in Fig. 4A) . A still greater increase in conductance resulted from combination of R 367 S (precludes link III) and Y 362 F (prevents link I). TolC YFRS had a single channel conductance between 800 pS and 1,000 pS. The influence of the membrane potential on conductance differed from the other mutants, increasing with rising positive potential (Fig. 4B) . At positive potentials (and at negative potentials below Ϫ60 mV, not shown), the TolC YFRS high conductance state was stable, but above Ϫ60 mV it became highly unstable, the lifetime of the open state was short and there were frequent switches into several apparently random conductance states, including complete closure (Fig. 4A) . The electrophysiological behavior of TolC YFRS indicates significant destabilization of the tunnel closed state.
Discussion
We set out to establish how the TolC periplasmic tunnel entrance is opened, a critical event in its function during protein export and multidrug efflux. To do this we disrupted the circular network of intra-and interprotomer connections that the structure indicates constrain the inner coiled coils of the tunnel entrance in their closed conformation (9) . The mutant variants functioned comparably to the WT TolC in vivo, and purified mutant proteins assembled normally into planar lipid bilayers. Destabilization of the closed state and transition to the open configuration could therefore be monitored by measuring conductance.
The conductances of TolC EA and TolC The conductances were amplified with rising negative potential, possibly illustrating progressive opening of the entrance under the pressure of high cation flux through the tunnel. This is seen to a mild degree in TolC WT (12) ) are disrupted, so the inner coiled coil of each protomer is entirely free from its constraints. The same bonds were targeted in a different way when the TolC RS substitution was combined independently with TVDA and YF. TolC YFRS has lost links I and III, while adding the RS change to TVDA in TolC TVDARS did not disrupt any further connection. In both cases the effect on the conductance was synergistic, dictating a 6-fold (TolC TVDARS ) to 10-fold (TolC YFRS ) increase over WT.
That their conductances are higher than that of TolC TVDA can be explained by the character of the residues D In agreement with this analysis, the R 367 S-based variants differed substantially in their dependence on membrane potential. TolC YFRS in particular showed strong amplification at positive potentials, reaching 1,000 pS. Again this could reflect the strong net negative charge at the entrance enhancing the opening at high positive potentials. This effect would be expected to hold the entrance in a stable open conformation, and this stability was clearly evident in the experiments performed at positive potentials. In contrast to this stable opening, at high negative potential the open configuration of TolC YFRS became very unstable, with frequent switches into several lower conductance states (Fig. 4A) . It seems plausible that this reflects the unrestrained flexible inner helices intermittently collapsing into the tunnel lumen. This would support the notion that the open conformation has to be transiently stabilized in vivo to allow substrate passage.
Because of the unique structure of TolC and the complex dependence of TolC conductance on parameters like membrane potential, electrolyte concentration, pH, and ion selectivity (12) , it might be difficult to translate the conductances achieved into an accurate estimate of the aperture diameter in the open state. However, the conductances of TolC YFRS and TolC TVDARS are in the same range as that of the heptameric pore-forming ␣-hemolysin toxin of Staphylococcus aureus (Fig. 5) , which has a membrane conductance of 1,000 pS in 1 M KCl (20, 21) . The structure of the toxin pore is known. Formed by a membranespanning domain of 14 antiparallel ␤-strands, the pore has a diameter of 16 Å and the length of the entire structure is 100 Å (22, 23) . Notwithstanding the cautions expressed above, extrapolating the change in conductance from the 80 pS (TolC Our results show that the circular network of links near the entrance is important to maintaining the closed state of the TolC tunnel. They indicate that weakening these links, especially between the monomers, relaxes the helical arrangement, increasing the flexibility of the entrance and opening the constriction. In vivo this allosteric transition would be triggered when TolC is recruited by the large periplasmic domain of the inner membrane adaptor protein in response to substrate engagement at its cytosolic domain (3, 14) . This interaction could, in an as yet undefined way, initiate destabilization of the TolC entrance network by disturbing one or more critical links, perhaps the intermonomer salt bridge D The open state could then be stabilized or ''locked'' by the adaptor protein during substrate passage, possibly by interaction of its predicted ␣-helical regions (24) with the TolC tunnel helices. The operative details of export and efflux systems involving TolC remain to be established, but our results provide experimental support for a mechanism in which the crucial opening event is effected by realignment of the constrained inner coiled coils of the periplasmic tunnel. (9) and the Staphylococcus aureus ␣-toxin membrane domain (Right) (22) . The surface representations show electronegative and electropositive surfaces colored red and blue, respectively (generated by using WEBLAB VIEWERLITE, Molecular Simulations).
